Staphylococcus aureus is a leading cause of human infections worldwide. The pathogen produces numerous molecules that can interfere with recognition and binding by host innate immune cells, an initial step required for the ingestion and subsequent destruction of microbes by phagocytes. To better understand the interaction of this pathogen with human immune cells, we compared the association of S. aureus and S. epidermidis with leukocytes in human blood. We found that a significantly greater proportion of B cells associated with S. epidermidis relative to S. aureus. Complement components and complement receptors were important for the binding of B cells with S. epidermidis. Experiments using staphylococci inactivated by ultraviolet radiation and S. aureus isogenic deletion mutants indicated that S. aureus secretes molecules regulated by the SaeR/S two-component system that interfere with the ability of human B cells to bind this bacterium. We hypothesize that the relative inability of B cells to bind S. aureus contributes to the microbe's success as a human pathogen.
Introduction
Staphylococcus aureus is a ubiquitous Gram-positive bacterium capable of causing life-threatening disease in humans and animals alike. This prominent pathogen has remained a major cause of morbidity and mortality despite the advent of antibiotic therapy [1] . For example, there are an estimated 72,444 cases of invasive MRSA infection and 9,194 associated patient deaths in the United States annually [2] . The need to advance novel therapeutic strategies to successfully treat S. aureus infection is further underscored by the high burden of communityassociated MRSA (CA-MRSA) in the US [3] . Distinct CA-MRSA lineages appear to have obtained beta-lactam resistance via horizontal acquisition of mecA on multiple separate occasions outside of the healthcare setting [4] , and are noted for their enhanced virulence relative to some of the most successful healthcare-associated MRSA (HA-MRSA) lineages. Despite extensive efforts for more than 100 years [5] , attempts to vaccinate humans against S. aureus infections have repeatedly failed in clinical trials [6] .
The ability of S. aureus to cause disease is largely attributed to the expression of an extensive and often redundant array of virulence genes that includes various toxins, adhesins, and immunomodulatory proteins. In addition, numerous S. aureus virulence molecules are believed to interfere with binding and subsequent phagocytosis of invading bacteria by host immune cells. The expression of these virulence molecules in vivo is largely coordinated by the concerted influence of two-component sensory systems, 16 of which have been putatively identified by sequence analysis within the S. aureus genome [7] . Of these two-component systems, the accessory gene regulator (Agr) and the regulator of S. aureus exoprotein expression (SaeR/S) are perhaps the best studied. Many S. aureus virulence genes, and extracellular toxins in particular, are under regulation by Agr and/or SaeR/S.
The ingestion of bacteria by phagocytes is primarily initiated by the engagement of type I Fc receptors and complement receptors with corresponding opsonins on the bacterial surface. S. aureus expresses two proteins, S. aureus protein A (Spa) and immunoglobulin G-binding protein (Sbi) , that can inhibit binding of S. aureus specific IgG with Fc receptors [8, 9] . A number of other secreted proteins, including staphylococcal complement inhibitor (SCIN) and extracellular fibrinogen-binding protein (Efb), have the capacity to inhibit the complement pathway to prevent deposition of activated C3 and C4 derivatives on the bacterial surface [10] . Compared to the closely related and common skin commensal Staphylococcus epidermidis, the large number of proteins expressed by S. aureus that have the ability to interfere with Fc and complement receptor binding suggests that blocking the action of these receptors is an important component of S. aureus fitness. An extensive body of research has elucidated the activity of these proteins in vitro and examined their importance in animal models of S. aureus infection. However, much less is known about the concerted influence of these immune evasion molecules on S. aureus pathogenesis during human infection.
To better understand the influence of S. aureus virulence molecules on the recognition of bacteria by human immune cells, we investigated the interaction of S. aureus and S. epidermidis with leukocytes in human blood ex vivo. These studies revealed a significant difference in the association of S. aureus with human B cells relative to S. epidermidis or zymosan. Inactivation of S. aureus with ultraviolet irradiation promoted its association with human B cells, while an S. aureus mutant lacking genes encoding SaeR/S bound to human B cells in a manner seemingly indistinguishable from that of S. epidermidis. The association of B cells with S. epidermidis was found to be largely mediated by complement receptor 2 (CR2) and activated complement components. Collectively, these findings suggest that one or more molecules secreted by S. aureus limit the ability of human B cells to associate with this pathogen.
Materials and Methods

Human Subjects Research
These studies were approved by the Institutional Review Board for Human Subjects, US National Institute of Allergy and Infectious Diseases, National Institutes of Health (protocol number 01-I-N055). Studies were conducted according to the policies provided in the Declaration of Helsinki. Each volunteer gave written informed consent prior to participation in the study.
Bacteria Strains and Culture Conditions
S. aureus and S. epidermidis strains were cultured in tryptic soy broth (TSB; EMD Millipore) in a rotary shaker at 225 rpm and 37°C. USA400 isogenic saeR/S (USA400ΔsaeR/S) [11] and agr (USA400Δagr) [12] deletion strains, and the Newman isogenic spa deletion strain (NewmanΔ-spa) [13] were generated in previous studies. Pulsed-field type USA100, USA200 (EMRSA16), and USA300 (LAC) strains have been described previously [14] [15] [16] . For all assays, overnight bacteria cultures were used to inoculate 20 mL TSB (1:100 dilution). Cultures were grown to mid-exponential growth phase (ME; defined by OD 600 = 0.75 using a Molecular Devices SpectraMax Plus 384), harvested by centrifugation (5,000 × g, 5 min, 4°C), and washed with DPBS. For flow cytometry experiments, staphylococci (2 × 10 8 CFU) or zymosan (2 × 10 8 particles)
were resuspended with 10 μg/mL fluorescein-5-isothiocyanate (FITC; ThermoFisher Scientific) in 1 mL of Dulbecco's phosphate buffered saline (DPBS; Sigma-Aldrich) and incubated for 15 min at 37°C with agitation at 1400 rpm every 30 seconds using an Eppendorf Thermomixer R. Following FITC-labeling, samples were washed and resuspended in DPBS. For inactivation of bacteria by ultraviolet (UV) irradiation, 1 × 10 9 CFU of FITC-labeled bacteria in 45 mL DPBS were UV irradiated for 30 min using a UVC 500 ultraviolet crosslinker (Hoefer, Inc). Following UV treatment, samples were centrifuged (3,200 × g, 4°C, 5 min) and resuspended in DPBS. Bacteria concentrations were determined by plating diluted samples on tryptic soy agar (EMD Millipore).
Flow cytometry analysis of ex vivo human blood infection
Infection of human blood ex vivo was performed as previously described [17] 
.
Immunofluorescence microscopy analysis of isolated B cells and monocytes
Unlabeled bacteria in 200 μL of DPBS were combined with 4 mL of freshly drawn heparinized human blood in 5-mL polypropylene culture tubes and incubated at 37°C with end-over-end rotation. At indicated times, red blood cells were lysed as described above and negative isolation of human B cells and monocytes was performed using Dynabeads Untouched Human B cell Kit or Dynabeads Untouched Human Monocyte Kit (Life Technologies), respectively, following the manufacturer's protocol. Purified cells were deposited onto poly-L-lysine (Sigma-Aldrich) coated slides by centrifuging at 300 rpm for 3 min using a cytocentrifuge (Thermo Scientific Shandon Cytospin 4). Intracellular and extracellular staining of bacteria was then performed as previously described [18] . Differentially stained slides were used for immunofluorescence microscopy (Zeiss Axioskop 2 Plus coupled with an Olympus DP73 color camera).
In vitro assays with human PBMCs and staphylococci
Peripheral blood mononuclear cells (PBMCs) and corresponding normal human serum (NHS) were isolated from venous blood of healthy individuals. Human PBMCs were combined with FITC-labeled bacteria in vitro as previously described [19] . For isolation of PBMCs, heparinized blood was incubated for 20 min at room temperature at a 1:1 ratio with 0.9% sodium chloride (Injection USP; Baxter Healthcare) containing 3.0% Dextran (Sigma-Aldrich) to sediment erythrocytes. The leukocyte-containing supernatant was centrifuged at 825 × g for 10 min and resuspended in 35 mL of 0.9% sodium chloride. The cell suspension was underlaid with 10 mL of Ficoll-Paque PLUS (1.077 g/L; GE Healthcare) and centrifuged at 448 × g for 17 min to separate PBMCs. PBMCs in the Buffy coat were aspirated, washed with DPBS, and enumerated using a hemocytometer. PBMCs were then resuspended in RPMI 1640 medium (Life Technologies) buffered with 10 mM HEPES (RPMI/H, pH 7.2) to a final concentration of 1 × 10 7 cells/ mL. Purified human PBMCs (1 × 10 6 cells) were then combined with opsonized FITC-labeled S. epidermidis (1 × 10 6 CFUs) or S. aureus (1 × 10 6 CFUs) in 1 mL RPMI/H and incubated at 37°C with end-over-end rotation. At indicated times, samples were stained with APC-coupled mouse anti-human CD19 mAb and analyzed using flow cytometry as described above.
For complement inhibition assays, 1 mL of fresh NHS diluted by 1:10 with DPBS was heattreated by incubating at 56°C for 30 min with intermittent shaking at 1400 rpm. Complement was depleted from NHS by incubating 100 μL of NHS with 20 μg of cobra venom factor (CVF; Sigma-Aldrich) at 37°C for 60 min with intermittent shaking at 1400 rpm. Samples were then were combined with 4 μg of recombinant CD21, CD35, CD11b, or CD11c (R&D Systems) and incubated on ice for 10 min prior to being added to purified human PBMCs.
Results
A higher proportion of B cells associate with S. epidermidis compared to S. aureus
S. aureus expresses a number of cell surface and freely secreted proteins that have capacity to inhibit the ability of phagocytes, such as polymorphonuclear leukocytes (PMNs) and monocytes, to bind and internalize this pathogen. To identify differences in the binding of human immune cells with S. aureus relative to other bacteria, we used flow cytometry to compare the association of PMNs, monocytes, B cells, and T cells with CA-MRSA strain USA300 (USA300) or S. epidermidis strain 1457 in heparinized human blood (Fig 1) . Unexpectedly, there was a time-dependent increase in the number of B cells (CD19 + lymphocytes) in human blood that were associated with S. epidermidis (Fig 1C) . By comparison, there were significantly fewer B cells associated with S. aureus. Using these assay conditions (a relatively low bacteria-to-PMN (Fig 1D and 1E) . However, the apparent differences in PMN association between S. aureus and S. epidermidis can largely be attributed to rapid destruction of S. epidermidis after phagocytosis [20, 21] . The association of either bacterium with T cells (CD3 + lymphocytes) was minimal (Fig 1B) . Although the majority of staphylococci were associated with PMNs ( Fig  1F and 1G , blue shading), more than 30% of S. epidermidis positive cells were B cells (Fig 1G) compared to less than 5% of S. aureus positive cells (Fig 1F) . These findings suggest staphylococci directly associate with B cells in human blood and this interaction is significantly more pronounced for S. epidermidis relative to S. aureus.
Staphylococci are primarily bound to the surface of B cells
Mammalian B cells were recently reported to internalize and kill bacteria [22, 23] . To determine if staphylococci are internalized by B cells in human blood, we used immunofluorescence microscopy to assess binding and ingestion of S. epidermidis strain 1457 or S. aureus strain USA300 (Fig 2) . In support of the flow cytometry data, a significantly higher proportion of B cells in blood were associated with S. epidermidis relative to S. aureus. Both S. epidermidis and S. aureus were almost exclusively bound to the surface of B cells and not internalized (Fig 2A  and 2B ). By comparison, staphylococci associated with monocytes were mostly ingested. These findings corroborate our flow cytometry results and indicate that staphylococci are not ingested by human B cells under the conditions tested.
B cells associate with zymosan
Flow cytometry and immunofluorescence microscopy analyses demonstrated that significantly more B cells in blood were associated with S. epidermidis relative to S. aureus. This finding was confirmed using different doses (colony-forming units) of bacteria ( Fig 3A) . The association of S. epidermidis with the surface of B cells is consistent with the known ability of B cells to directly associate with immune complexes [24] [25] [26] [27] . To determine if B cells associate with serum-opsonized particles in general, zymosan-which is readily opsonized by serum complement in blood-was combined with human blood and the percentage of zymosan-associated B cells was measured by flow cytometry (Fig 3B) . There was a concentration-dependent increase in the proportion of zymosan-associated B cells in these assays. Compared with S. aureus, significantly more B cells were associated with zymosan or S. epidermidis. These findings indicate that B cells readily associate with serum-opsonized particles in human blood, and suggest that the observed limited association of S. aureus with B cells is atypical.
Differential association of S. aureus and S. epidermidis with B cells is conserved among diverse strains S. aureus exhibits considerable genetic diversity, with some S. aureus genome sequences differing by as much as 20% [28] . To determine if the limited association of S. aureus with B cells is conserved among genetically diverse strains, we used flow cytometry to measure the association of B cells with S. aureus pulsed-field gel electrophoresis types USA100, USA200, and (Fig 4A) . Consistent with our initial findings above, each of the S. epidermidis strains associated with B cells in human blood, whereas there was similarly limited binding of representative USA100, USA200, or USA300 strains with B cells. These results indicate that the inability of S. aureus to associate with B cells in human blood is conserved among the diverse S. aureus strains tested.
Inactivation of S. aureus with UV light increases association with B cells
S. aureus undergoes abrupt changes in gene expression in human blood [29] . These changes include the upregulation of genes encoding numerous secreted toxins and immunomodulatory molecules that are absent in the genome of S. epidermidis. To determine if molecules secreted 6 CFU/mL of FITC-labeled USA300 or S. epidermidis strain 1457, or the indicated numbers of FITClabeled zymosan particles. Data in panels A and B are the mean ± SEM of at least 4 separate experiments using different blood donors. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 versus USA300 as determined by paired two-tailed Student's t test for data in panel A or by repeated-measures one-way ANOVA and Dunnett's post-test for data in panel B. by S. aureus influences its ability to bind B cells, we used ultraviolet (UV) radiation to inactivate USA300 and prevent the active secretion of molecules that potentially block interaction with B cells (Fig 4B) . Compared to untreated USA300, there was a significant increase in the percentage of B cells associated with S. aureus inactivated by UV radiation (Fig 4B) . In contrast, UV inactivation of S. epidermidis had no significant impact on its association with B cells in human blood. These results suggest that molecules secreted by S. aureus in part inhibit the ability of B cells to bind this bacteria. It is also possible that UV treatment alters bacterial surface molecules-e.g., those that might prevent B cell interaction-such that the binding of S. aureus with B cells is increased. 
Complement plays a major role mediating the association of S. epidermidis with B cells
Published reports have shown that complement receptor 2 (CR2) expressed by human B cells directly binds to C3d on the antigen surface [24, 30, 31] . As a first step toward determining if complement components are important for the association of S. epidermidis with B cells, we compared the interaction of B cells with S. epidermidis that was opsonized with normal human serum (NHS) or heat-inactivated NHS (Fig 5A) . Consistent with an involvement of serum complement, there was little or no binding of B cells with S. epidermidis that had been opsonized with heat-inactivated NHS (Fig 5A) . Thus, heat-labile components in human serum are critical for the association of S. epidermidis with human B cells. To further determine if complement in NHS influences the association of S. epidermidis with B cells in our assays, we treated NHS with cobra venom factor (CVF), which depletes complement, or FUT-175 (nafamostat mesilate), a serine protease inhibitor that prevents complement activation, and used the treated NHS in the B cell assays (Fig 5B) . Compared with S. epidermidis opsonized with NHS, there was a significant decrease in the proportion of B cells associated with S. epidermidis in assays containing NHS that was treated with CVF or FUT-175. These results indicate that complement plays an important role in mediating the association of human B cells with S. epidermidis.
Complement receptor 2 is important for the association of S. epidermidis with human B cells
To determine if one or more complement receptors contribute to the association of S. epidermidis with B cells, we evaluated the ability of monoclonal antibodies specific for human CD35 (CR1), CD21 (CR2), CD11b (CR3) or CD11c (CR4) to inhibit binding of S. epidermidis strain 1457 with purified human PBMCs (Fig 5C) . Compared to assays with isotype control antibodies, there was a significant decrease in the proportion of B cells associated with S. epidermidis in assays containing PBMCs pre-treated with anti-CR2 or all complement receptor antibodies combined (Fig 5C) . Binding of S. epidermidis to PBMCs pretreated with all antibodies combined was also significantly less than binding to PBMCs treated with anti-CR2 alone (P = 0.0036), suggesting that complement receptors in addition to CR2 play a role in the association of S. epidermidis with human B cells.
To further investigate the role of individual complement receptors in the association of B cells with staphylococci, we tested the ability of recombinant CD35 (rCR1), CD21 (rCR2), CD11b (rCR3) or CD11c (rCR4) to block association of S. epidermidis strain 1457 with purified human PBMCs (Fig 5D) . Compared to control assays (those lacking recombinant receptors), binding of S. epidermidis with PBMCs was inhibited significantly by rCR1 or rCR2. Collectively, the antibody blocking data and results with recombinant receptors provide strong support to the idea that CR2 and CR1 contribute to the association of S. epidermidis with B cells.
SaeR/S two-component gene regulatory system influences the association of S. aureus with B cells S. aureus protein A (Spa) has been shown to inhibit opsonization of bacteria [32] by binding to the Fcγ region of IgG [33] or the Fab domain of V H 3 clan IgG and IgM [34] . Spa was also reported to have superantigenic properties towards B cells, inducing B cell activation, proliferation, and apoptosis [35] . To determine if Spa influences the association of S. aureus with B cells in human blood, we compared the binding of Newman wild-type and isogenic spa-deletion strains to B cells in human blood using flow cytometry (Fig 6A) . In accordance with data using other strains of S. aureus, there was limited association of wild-type Newman with B cells. These results were mirrored by assays with the spa mutant strain (Fig 6A) , indicating that Spa does not inhibit association of S. aureus with human B cells.
The expression of S. aureus virulence molecules in response to environmental signals is controlled largely by two-component gene regulatory systems, including SaeR/S and accessory gene regulator (Agr). The genes regulated by SaeR/S or Agr only partially overlap [36] . As a step toward identifying the S. aureus molecules involved in the interaction of this bacterium with human B cells, we compared binding of USA400 wild-type and isogenic agr-or saeR/S deletion strains (USA400Δagr or USA400ΔsaeR/S) with B cells and other leukocytes using flow cytometry (Fig 6B-6G) . Compared to USA400 wild-type strain, a significantly higher proportion of B cells were associated with USA400ΔsaeR/S, but not USA400Δagr. The binding of (Fig 6C-6E) . These findings are consistent with the results using S. epidermidis (Fig 1G) , but contrast with data for the USA400 wild-type or USA400Δagr strains (Fig 6C-6E ). For all USA400 strains, the majority of bacteria detected were associated with PMNs, as was observed in our previous experiments (Fig 1F and 1G) . We used immunofluorescence microscopy to verify the flow cytometry results and to demonstrate that uptake of bacteria by monocytes was not different between USA400 wild type and isogenic deletion mutant strains (Fig 6F and 6G) . Taken together, these results suggest that one or more molecules regulated by SaeR/S inhibit the binding of S. aureus with B cells in human blood.
Discussion
Herein we demonstrate that B cells bind S. epidermidis in human blood. This unexpected finding was not peculiar to S. epidermidis, since B cells in blood also bound zymosan, a yeast cell wall particle often used for studies of phagocytosis. The association of human B cells with S. epidermidis was mediated largely by complement and CR2. Previous studies have shown that mammalian B cells bind ICs containing antigen in vivo [25] [26] [27] , and this interaction is mediated by the engagement of CR2 with C3d bound to the antigen surface [24, 30, 31] . In contrast to S. epidermidis, significantly less S. aureus was associated with B cells in human blood. The limited association of S. aureus with B cells was conserved among diverse S. aureus strains. Notably, inactivation of S. aureus by UV radiation significantly increased binding of this pathogen to B cells, suggesting one or more molecules actively secreted by S. aureus (or molecules on the bacterial surface) limit association with B cells. Based on studies with isogenic mutant strains, neither Spa nor molecules regulated by Agr inhibited binding of S. aureus with B cells. On the other hand, experiments using the USA400ΔsaeR/S strain indicated that one or more SaeR/S-regulated molecules inhibit the association of S. aureus with human B cells.
SaeR/S positively regulates the transcription of genes encoding proteins that are known to interfere with the complement pathway [11, 37] , including SCIN, extracellular adherence protein (Eap), Sbi, Efb, and extracellular complement binding protein (Ecp). SCIN and Eap have both been shown to bind and stabilize human C3 convertase and prevent deposition of C3b on the surface of S. aureus [38, 39] . Alternatively, Sbi and Efb have been shown to recruit human plasminogen to the bacterial cell surface [40] . Plasminogen is converted to plasmin by staphylokinase and then acts to degrade IgG and C3b. Sbi has also been shown to bind human C3 [41] . S. aureus may deploy this protein as a decoy, diverting C3 away from the bacteria and thereby promoting its futile consumption. Efb and Ecp have been reported to play a role in complement evasion by blocking the interaction of C3d with CR2 [42] . Thus, one or more mean ± SEM of 3 separate experiments using different blood donors. Panels C-E show the relative distribution of CD66 High granulocytes, CD14 + monocytes, CD19 + lymphocytes, and CD3 + lymphocytes associated with USA400 (C), USA400ΔsaeR/S (D), and USA400Δagr (E) at 40 min. Data were collected from experiments described in panel B. F,G) Association and internalization of USA400, USA400ΔsaeR/S, or USA400Δagr by purified human B cells (F) or monocytes (G) was determined 80 min after addition of bacteria (1 × 10 6 CFU/mL) by using immunofluorescence microscopy. H) FITC-labeled USA400ΔsaeR/S (1 × 10 6 ) was combined with 5 μg anti-human CD35 (+αCR1), CD21 (+αCR2), CD11b (+αCR3), CD11c (+αCR4), or isotype IgG 2 control (Isotype Ab) mAbs and binding to B cells was determined using flow cytometry (30 min time point) . Panels F and G are the mean ± SEM of 4 separate experiments using different blood donors. Panel H is the mean ± SEM of 5 separate experiments using different blood donors. Statistics were determined by using a repeated-measures one-way ANOVA and Dunnett's post-test. For panel F, **P<0.05 versus the wild-type strain (USA400). For panel H, ***P<0.001 and ****P<0.0001 versus isotype IgG 2 .
doi:10.1371/journal.pone.0164410.g006
virulence molecules regulated by the SaeR/S two-component system might interfere with the association of B cells with S. aureus in human blood.
It is not known whether the limited association of B cells with S. aureus influences pathogenesis or host immune responses in vivo. However, it has been demonstrated previously that the binding of CR2 expressed by B cells with C3d on the antigen surface plays several roles that are critical for mounting an effective antibody response. For cognate (antigen-specific) B cells, co-ligation of CR2 bound to C3b with the B cell receptor-antigen complex lowers the B cell activation threshold by several orders of magnitude and is required for appropriate B cell activation in vivo [43] . Alternatively, non-cognate (antigen-nonspecific) B cells within the lymph nodes and spleens of mice have been shown to play a critical role in transporting IgM-containing ICs to follicular dendritic cells. This process is complement and complement receptor dependent and is essential for efficient germinal center formation and antibody affinity maturation [26, 44] . Non-cognate B cells with CR2 bound to ICs containing antigen can also present these ICs to antigen-specific T cells to induce appropriate T cell activation in vitro [45] . As such, molecules secreted by S. aureus that inhibit the association of ICs containing C3d with CR2 have the potential to influence the host adaptive immune response against this pathogen as suggested by others [42] .
Taken together, our data provide evidence that S. aureus evades complement-mediated association with human B cells via expression of one or more virulence molecules regulated by SaeR/S. Although complement-mediated interaction of B cells with antigen contributes to the efficient generation of high affinity antibodies, it has long been known that all healthy adult humans have antibody specific for S. aureus. Notably, there are many S. aureus secreted molecules (not present in S. epidermidis) that are antigenic, and therefore, humans have antibodies to many of these secreted molecules. Further studies are required to test whether the ability of S. aureus to circumvent association with B-cells contributes to the microbe's success as a human pathogen.
